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1  Introduction 

In  the  study  of  cooperative  behavior  of  distributed  autonomous  robots,  certain  prob¬ 
lems  including  convergence  to  a  single  point  and  formation  of  the  given  geometric 
figures  have  been  discussed  under  a  simplifying  assumption  that  a  robot  is  repre¬ 
sented  as  a  point  that  has  no  volume  [1].  In  this  paper,  we  represent  each  robot  as-a 
disc  with  some  volume,  rather  than  a  point,  and  develop  and  evaluate  two  algorithms 
for  moving  many  robots  through  a  narrow  gate.  Though  each  robot  is  a  disc,  we 
assume  that  a  robot  does  not  block  the  view  of  other  robots. 

The  gate  can  be  thought  of  as  a  narrow  slit  on  the  otherwise  solid  j/-axis  of  the 
x-y  plane,  where  the  robots  (discs)  are  trying  to  move  from  the  left  of  the  y-axis  to 
the  right. 

Aside  from  the  assumption  that  a  robot  is  a  disc,  the  model  of  the  robot  system  we 
use  is  essentially  the  same  as  that  given  in  [1].  Namely,  we  assume  that:  (1)  A  robot 
is  a  mobile  processor  that  has  a  sensor  for  detecting  the  distances  and  directions  of 
other  robots.  (2)  The  next  position  of  a  robot  is  determined  by  the  given  algorithm 
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using  the  relative  positions  of  other  robots.  (3)  All  robots  execute  the  same  algorithm. 
(4)  The  robots  do  not  have  a  common  x-y  coordinate  system.  (5)  The  robots  do  not 
have  a  sense  of  direction.  (6)  The  robots  are  indistinguishable  by  their  appearances. 

2  The  First  Algorithm 

2.1  Algorithm  Right-Left-1 

The  basic  structure  of  the  algorithms  we  consider  is  the  following:  At  intervals  of  unit 
time,  each  robot  R  observes  the  positions  of  other  robots,  computes  the  next  position 
using  the  given  algorithm,  and  moves  to  the  position.  One  execution  of  this  process 
is  called  a  step. 

To  describe  the  movement  of  i?,  we  partition  the  plane  into  six  equal-sized  wedges 
about  the  position  of  R  (allotting  the  wedge  boundaries  appropriately),  and  call  them 
R  (right),  RR  (right-rear),  LR  (left-rear),  L  (left),  LF  (left-front),  and  RF  (right-front) 
in  clockwise  order,  starting  from  the  wedge  on  the  right  of  R.  A  robot  is  said  to  be 
in  wedge  R,  for  example,  if  its  center  is  in  R.  The  distance  between  two  robots  are 
measured  between  their  centers. 

Consider  the  following  simple  algorithm  Right-Left- 1  that  each  robot  R  uses  to 
determine  its  motion  in  each  step.  It  is  assumed  that  robot  R  is  always  facing  toward 
the  center  O  of  the  gate.  We  use  two  parameters,  S  and  s,  where  ^  >  1.0  is  a  constant 
that  (indirectly)  determines  how  close  two  robots  can  approach  each  other,  and  s  >  0 
is  the  maximum  distance  that  a  robot  can  move  in  unit  time.  The  phrase  “R  moves 
left”  given  below,  for  example,  means  that  R  moves  left,  over  distance  s  if  no  other 
robots  exists  on  the  trajectory  of  R,  but  otherwise  R  stops  immediately  before  the 
first  collision  with  other  robots.  There  are  five  cases,  which  are  given  in  the  decreasing 
order  of  precedence. 

Case  1:  If  a  robot  exists  in  R  U  RF  within  distance  S  and  no  robot  exists  in  L  U  LF 
within  distance  5,  then  R.  moves  left  (along  the  line  perpendicular  to  the  line 
that  passes  through  its  current  position  and  O). 

Case  2:  This  case  is  the  same  as  Case  1,  except  that  left  and  right  are  interchanged. 

Case  3:  If  no  robot  exists  in  RF  U  LF  within  distance  6,  then  R  moves  forward. 

Case  4:  If  no  robot  exists  in  RR  U  LR  within  distance  6,  then  R  moves  backward. 

Case  5:  If  none  of  the  above  cases  applies,  then  R  does  not  move. 

2.2  Outline  of  Simulation 

We  used  simulation  to  evaluate  the  performance  of  algorithm  Right-Left-1  given 
above,  under  the  following  conditions. 


robots 


Figure  1:  Right-Left- 1:  6  and  the  number  of  robots  that  have  successfully  passed 
through  the  gate. 

1.  Each  robot  is  a  disc  with  diameter  1.0.  The  total  number  of  robots  is  iV  =  30. 
Initially,  the  robots  are  randomly  and  uniformly  distributed  within  a  semicircle 
of  radius  30.0  centered  at  0. 

2.  The  width  of  the  gate  is  slightly  less  than  2.0. 

3.  The  maximum  distance  that  a  robot  can  move  in  unit  time  is  denoted  s.  We 
try  various  values  of  s  in  the  range  from  0.2  to  1.0. 

4.  We  try  various  values  of  6  in  the  range  from  1.1  to  3.8. 

5.  If  no  robot  passes  through  the  gate  for  100/s  steps  consecutively,  then  we  ter¬ 
minate  the  simulation  assuming  that  the  robots  has  reached  a  deadlock-like 
situation. 

6.  We  execute  100  simulation  runs  for  each  combination  of  values  of  s  and  6. 

2.3  Simulation  Results 

The  simulation  results  are  shown  in  Figures  1  and  2.  Figure  1  describes  the  relation 
between  the  value  of  6  and  the  total  number  of  robots  that  have  successfully  passed 
through  the  gate.  Figure  2  shows  the  total  number  of  steps  needed  for  all  30  robots 
to  pciss  through  the  gate. 

We  observe  that  generally,  a.s  the  value  of  6  gets  larger,  the  total  number  of  robots 
that  paiss  through  the  gate  increases,  but  at  the  same  time,  the  total  number  of  steps 
needed  for  all  30  robots  to  pass  through  the  gate  increases.  One  possible  explanation 
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Figure  2:  Right-Left-1:  8  and  the  number  of  steps  needed  for  all  30  robots  to  pass 
through  the  gate. 


is  that  a  larger  value  of  8  will  make  the  distribution  of  the  robots  more  sparse,  and 
thus  the  robots  are  less  likely  to  reach  a  deadlock  situation.  So  the  chances  that  all 
30  robots  pass  through  the  gate  increases,  but  the  total  number  of  steps  needed  may 
increase  since  the  inter-robot  distances  are  now  larger.  So  there  is  a  tradeoff  between 
the  “success  rate”  and  the  total  time  needed  for  completion  of  the  task. 

Another  observation  is  that  algorithm  Right-Left-1  is  based  on  the  general  strategy 
of  reducing  the  density  of  robot  distribution,  but  once  the  robots  get  highly  congested, 
the  algorithm  does  not  seem  to  provide  any  effective  means  to  reduce  the  congestion 
quickly. 


3  The  Second  Algorithm 
3.1  Algorithm  Right-Left-2 

Based  on  the  observation  given  at  the  end  of  the  previous  section,  we  modify  Right- 
Left- 1  by  including  an  additional  instruction  that  is  expected  to  be  effective  in  re¬ 
solving  the  congestions  of  the  robots.  The  resulting  algorithm  is  called  Right-Left-2, 
and  is  given  below,  again  as  a  set  of  instructions  to  robot  R: 

Case  0:  If  R  moved  over  distance  less  than  s  in  the  previous  step  (to  avoid  collision 
with  other  robots),  and  a  robot  exists  in  R  U  RF  U  L  U  LF  within  distance  (5, 
then  R  moves  in  the  direction  away  from  the  robot  that  is  closest  to  R. 

Cases  1—5:  These  cases  are  identical  to  those  in  Right-Left-1. 
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Figure  3:  Right-Left-2:  6  and  the  number  of  robots  that  have  successfully  passed 
through  the  gate. 

3.2  Simulation  Results 

We  conducted  a  series  of  simulation  runs  to  evaluate  Right-Left-2,  under  the  con¬ 
ditions  similar  to  those  described  in  2.3  for  Right- Left-1.  The  results  are  shown  in 
Figures  3  and  4.  As  we  see  in  Figure  3  except  for  some  very  small  values  of  6,  all  30 
robots  can  pass  through  the  gate  with  high  probability.  (See  Figure  2  for  comparison 
with  Right-Left- 1.)  Since  the  robots  behave  in  the  same  manner  in  both  algorithms 
unless  tlie  robots  are  congested  and  collision  occurs,  the  improvement  in  performance 
of  Right-Left-2  over  Right-Left-1  must  be  due  to  the  ability  of  Right-Left-2  to  resolve 
congestion  and  allow  the  robot  to  move  further.  The  total  number  of  steps  needed  to 
move  all  30  robots  through  the  gate  seems  to  be  nearly  the  same  for  both  algorithms 
(Figures  2  and  4). 


4  Conclusion 

We  found  tha<.  the  modified  algorithm  allows  all  30  robots  to  pass  through  the  gate 
with  high  probability.  The  bcisic  strategy  used  in  our  algorithms  is  rather  simple- 
each  robot  individually  tries  to  move  toward  the  gate  avoiding  other  robots  by  swerv¬ 
ing  either  to  the  right  or  left.  We  are  planning  to  examine  other  strategies,  such  as 
forming  a  line  distributively,  in  order  to  find  a  better  algorithm  that  can  move  the 
robots  through  the  gate  faster  with  very  high  probability. 
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s  =  0.2 


Figure  4:  Right-Left-2:  S  and  the  number  of  steps  needed  for  all  30  robots  to  pass 
through  the  gate. 
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